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Abstract

Previous disagreements concerning a linear correlation between the hydrogen
(H) concentration and the extraordinary refractive index n. in proton-exchanged
lithium hiobate-(LiNbO3) have been resolved by partitioning the total H into opti-
cally active substitutional H and éptically inactive interstitial H. The H and Li spa-
tial variations in both Z-cut and X-cut crystals were determined by secondary-ion
mass spectrometry (SIMS) with a quantitative evaluation in atoms/cm3. These
sameles wére proton exchanged in neat benzoic acid at 185°C and then were an-
nealed at 400°C for times ¢ from 6 to 240 min in wet ﬂowing. oxygen. For the
Z-cut crystals, fit of the SIMS measured H profiles by expressions obtained from
the diffusion equation for diffusion from a finite layer gave a substitutional H
diffusivity of DZ = 5.0 £ 0.3 x 10~!2 cm?/s and an interstitial H diffusivity of
DZ =14 +0.1 x 10-1 cm?/s. The wet ﬂowiﬁg oxygen acts as a constant source
of interstitial H at the surface with the diffusivity DZ and gives an integrated
H concentration due to the flowing wet oxygeﬁ which increases ‘as v/¢. The Li
diffusivity was DZ;, = 4.8 £ 0.2 X 107*? cm?/s which is nearly equal to DZ. For
X-cut crystals, the substitutional H diffusivity was DX = 3.4 £0.2 x 1072 cm?/s
and the interstitial diffusivity was D = 1.3+0.2 X 10~"! cm?/s. The n. profiles
were evaluated by means of optical prism-coupling measurements and numerical
simulations. In both cases of crystal ofientatidn, the effective index diffusivity is
nearly equal fQ the diffusivity of substitutional H. Furthermore,‘there is an excel-

lent linear relationship between the n. profile and the.corresponding-substitutional -

'H distribution.




I. INTRODUCTION

Crystalline lithium niobate (LiNbOj) is an important material for modern
optoelectronic device applications. Due to its high electro-optic, acousto-optic,
and non-linear optical coefficients, this material has foﬁnd widespread use in op-
tical modulation, optical switching, signal processing, and frequency conversion.!
Proton-exchange (PE) of LiNbOj3 is an effective technique for formation of low
loss, optical waveguides in this material. In this technique, hydrogen (H) atoms

in the liquid melt are eichanged with Li atoms in the crystal which leads to a
| large increase in the extraordinary refractive index n..2 However, anneé,ling is
typically required to eliminate compositional instabilities in the exchanged layer
and to restore desirable optical properties such as the large electro-optic figure of
merit.34 In addition, the depth profile of 7. in the PE-LiNbO; layers is strongly
dependent upon the annealing procedures.> Consequently, an understanding of
the relationship between the redistribution of H atoms with annealing and the
change in t.hedrefra,ctive index is of particular importance in determining optimum
“device fabrication procedures.

Previouély, we reported on the correlation of H depth concentrations with
the extraordinary refractive index profiles in a set of annealed Z-cut PE-LiNbO;
crysta,l's.ej7 The H distributioné were defermined by secondary ion mass spectro-
metry (SIMS) and optical characterization of the refractive index was done through

laser prism—cbupling techniques. It was found that the measured H concentration

-..-..decreased more slowly with depth than a-single Gaussian function, which is the

appropriate solution to diffusion from a thin surface layer. However, the sum
of the two separate Gélissians, one fit to the low H concentration region and an-
| other to the high H concentration region, yielded excellent agreement to the SIMS
- measured profiles.® In analogy with diffusion in semicqnducﬁors, the larger diffu-

sivity was designated the interstitial coefficient D? and the smaller diffusivity,
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the substitutional coefficient DZ. It was possible to fit the effective index values

for the observed modes with a single Gaussian and an index diffusivity DZ was

determined. The average value of DZ was equal to the substitutional H diffusiv-
ity DZ and the index depth profiles were in excellent linear agreement with the
substitutional H distributions.” These results suggest that the change in the ex-
traordinary refractive index depends on the substitutional H, which forms crystal
bonds, rather than the total H concentration which includes interstitial H.
While partitioning of a diffusing species into substitutional and interstitial
components is common in semiconductor materials, this concept has not been
adequately addressed in the annealing of PE-LiNbOs. HoWever, there is experi-
mental evidence that two H components are present in PE-LiNbQ3. Incorporation
of H on substitutional lattice sites as well as on interstitial sites has been reported

by Bollmann and St&hr® and was based on absorption and electrical conduc-

' tivitly measurements. Magnetic resonance measurements by Engelsberg et al.1°

demonstrated the presence of both substitutional and interstitial H in annealed
PE-LiNbOj3 crystals. Our diffusion analysis indicates a similar partitioning of H
in annealed PE-LiNbO3 and relates the substitutional component to changés in
the refra.cfive index.

| In this paper, we extend our prior investigations to include both Z-cut and
X-cut crystals and present a more rigorous model for analyzing H and Li diffu-

sion in annealed PE LiNbOj crystals. ’For this model, the PE region represents an

extended source for H diffusion into a semi-infinite region (substrate) and leads- -

to a concentration profile which is the sum of two error functions.!* The Li re-
distribution is similarly modeled as the Li diffusion from a semi-infinite source
(substrate) into the PE region. Again, a composite function which is the sum of
two error functions is obtained. While a single diffusivity leads to Very good fits

to the SIMS measured Li profiles, it is necessary to use two different diffusivities
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to fit the H profiles. One is related to a slower-diffusing substitﬁtional component
and the other to a faster-diffusing interstitial component. Furthermore, we find
that annealing PE-LiNbOg3 cfystals in flowing wet oxygen produces an additional
H source which needs to be included in the analysis. The refractive index profiles,
that are determined by prism-coupling experiments, show excellent correlation
- with the substitutional H depth profiles in both Z-cut and X-cut samples.

Section II contains details of the experimental procedures used in this investi-
gation, and the diffusion models for analysis of H, Li, and refractiver index depth
profiles are presented in Sec. III. In Sec. IV, the diffusion analysis is applied to
the depth profiles found in annealed Z-cut PE-LiNbO3z samples. The diffusion
analysis for the depth profiles in annealed X-cut PE-LiNbO3 samples is givenin
Sec. V. A summary of the pfesent results is given in Sec. VI, including a discussion
of similarities and diffefences found in the aﬁa,lysis of Z-cut and X-cut material.
Questions concerning quantification standards in the SIMS measurements are alsb
addressed. _ o
II. EXPERIMENTAL PROCEDURES AND RESULTS

Two sets of LiNbO3 érystals (Barr and Stroud) were used in this study, one
Z-cut and the other X -cut. A proton-exchanged (PE) surface layer was produced
in samples of each set by inserting the samples in a neat beﬁzoic acid melt held
at a temperature of 185°C for 70 min. The material and opticél properties of the
- PE-LiNbO; éa,mples were studied in their as-exchanged state and after furnace |
annealing. The samples were annealed in flowing wet-oxygen (1.7 1/min) at 400°C -
for times ranging from 6 min to 240 min. Secondary ion mass spectrometry (SIMS)
analysis was used to obtain quantitative H and Li depth distributions for these
samples. Refractive index profiles in thé exchanged .samples were determined by

optical waveguiding measurements.




A. Hydrogen and lithium depth profiles »

Quantitative atomic depth profiles for H and Li in the as-exchanged and fur-
nace annealed PE-LiNbO; samples were annalyzed using a Perkin-Elmer 6300
quadrupole-based instrument. The primary Cs ion beam energy was 8 keV and
the impact angle was 60° measured from the normal. Lower impact energies at
higher incidence angles have been shown to remove ion yield artifacts at the in-
terface between the PE region and the bulk material.? With this method, there
are no “bumps in either the H or Li profiles at the PE- exchange interface. No
conductive coating was applied prior to analy_51s. Profiles of H were acquired by
monitoring negative atomic secondary ions whereas the Li profiles were obtained
simultaneously by monitoring CsLi* molecular ions. Conversion of H ion count
rates to concentrations was accomplished by using relative sensitivity factors cal-
culated from analyses of aH ion-implanted LiNbOj3 standard which was measured
during each analyitcal run. The H profiles were bac‘kground’s-ubtracted using a
background determined in the PE samples. The Li profiles were calibrated by
setting the value of the profiles in the unexchanged region equal to the ideal
atom density ef Li in bulk LiNbO3 (1.89 x 10?2 atoms/cm™3). Depth scales were
calibrated by measuring the analytical crater depths with a stylus profilometer.

Figure 1 displays the H and Li depth profiles that were obtained for the“Z-cut
PE-LiNbO; crystals studied in this investigation. These sarnples we1fe annealed
in ﬂoWing wet oxygen at 400°C for times of 6, 15, 45, 90, 135, and 180 min. The
H depth profiles that were obtained for the X-cut samples are shown in F ig. 2.

The X -cut samples were annealed under the same conditions for 45, 120, and 240

'min.
In the unannealed PE-LiNbOs samples, the H depth proﬁles consist of a
plateau of constant H atom density, followed by a ‘sharp decrease to the SIMS
detection limit of about 5 x 10'® cm=3.113 For the present exchange conditions,

the Z-cut samples have an exchange depth of 0.65 ym and a peak H concentration



of 6 x 10! cm~3. The X-cut samples have an exchange depth of 0.75 um and a
peak H concentration of 3.5 X 102! cm~3. While a step-like H profile is retained
during the early stages of annealing, particularly at relatively low temperatures
of approximately 275°C, annealing at higher temperatures of near 400°C rapidly
produces a highly graded profile.® The graded H profile, with lower concentration,
extends far deeiJer than the original exchange depth. | |
The behavior of the Li depth distributions is somewhat different than that of
the H profiles. As a result of proton exchange, Li is depleted from the surface
region of the LiNbO3 cfystal. The Li distribution in as-exchanged crystals is
slightly graded at the surface and reaches the bulk substrate concentratidn of
Coulk = 1.89 x 10?2 cm™2 at a location that coincides with the depth of the PE
pl:«,‘a,teamu.13 With annealing, Li from the substrate diffuses into the PE region and
the Li profiles become increasingly shallow. Eventually, only a minor difference

exists between the Li density near the surface and that in the substrate bulk.

<B. Refractive index data

Previous investigations have indicated that the extraordinary refractive index
ne has an abrupt-step profile in unannealed PE-‘LiNbO;:, samples.>!? After anneal-
ing, this profile becomes highly graded. The data from the present experiments
support such behavior for n.. The PE-LiNbO3 crystals were examined for op-
tical waveguiding using a prism-coupling technique with a HeNe laser operatiﬁg :

at A = 0.6328 pm. Each as-exchanged sample was found to support a single

TM-guided mode, which is consistent with the exchange depth and a step-index

change AnFPE of approximately 0.10. After annealing, the samples were again
characterized using a prism coupled laser. All of the annealed samples functioned
as multimode waveguides and up to five modes in a single sample were obéerved.
Effective index values N, for the observed modes Wére Calculéted based on the

prism-coupling parameters. An inverse WKB method'* was used to determine



the 1/e depths d_; of the modes for the samples that supported at least three
propagating modes. Depths could not be associated with effective index values
for as-exchanged samples and for samples with only two modes.

The optical waveguiding data for the Z-cut and X-cut samples are given in
Table I and II, respectively. The effective index values N, for the observed modes
and the 1/e depths d_; which were determined by the inverse WKB method are
listed in these Tables.

III. DIFFUSION ANALYSIS FOR PE-LiNbOj
~ A. Hydrogen diffusion '

The diffusion of H from the PE layer is governed by the initial conditions of a
thin surface layer with a constant amount of diffusént as shown in Fig. 3 (a), and
Wlth no out diffusion of H from the crystal durmg annealing. Mathematlcally, the

initial condition is expressed by:
Cu(z,0)=Cf ~  for 0<z<S§, (D)

and ‘
Cu(z,0)=0 forz > 6, | (2)

where C} is the initial H surface concentration after proton exchange. With the
condition of zero H flow from the surface, the boundary condition is glven by:

BC'H(a:, t)

Oz =0, . ()

lz=0
where Cy(z,t) is the H ¢oncentration i cm™3 at the distance z and time %. The
resulting diffusion profiles are obtained by using the standard diffusion equatlon
for diffusion from a finite layer into a semi-infinite body with a reflecting boundary

at =0 and is glven by:15

' Cilz,t) = CO erf (26}”_‘_"_) +e (5\;_?] ,

8
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where erf is the error function, x is the distance in cm, D is the diffusivity in
cm?/s, ¢ is the diffusion time in s, § is the exchange depth in cm, and CY is the

H surface concentration in cm™3 at t = 0.

When é§ < v/Dt, Eq. (4) reduces to the Gaussian function:

YPE
tim,_,Or(e, ) = L exp(-2"/4D), (5)

where QEF is the amount of H per cm? in the PE layer and is given‘by:
# = Che. (6)

In a previous paper, a Gaussian function was used to analyze the H depth profiles
in Z-cut annealed PE LiNbO3.8 When a single Gaussian function, as given in Eq.
(5), was used to fit the H profiles, it was found that the measured H concentration
| decreased much more slowly than the Gaussian curve. At a depth of approximately
108, the calculated Gaussian curve was nearly an order‘ of magnitude less than
the measured proﬁl_e..' | » _

In order to obtain a better fit, two separate Gaussian functions were fit to the
experimental H profiles.®. One Gaussian was fit to the low H Conéentration tail
reéion and a second Gaussian was fit to the higher H concentration surface region

~so that the sum of the two Gaussians fit the measured profile. A diffusivity and

surface concentration were obtained for each Gaussian function. The diffusivity

obtained for the Gaussian, which was fit to the low H concentration substrate

region, was designated the interstitial diffusivity D;, and the diffusivity for the

Gaussian which was fit to the high H concentration surface region was designated

the substitutional diffusivity D,. This approach led to very good fits for the

experimental H data and indicated that two species of H are involved in the -

diffusion process.

When § is approximately v/ Dt, it is more appropriate to use the erf represen-

tation given in Eq. (4) to analyze the H depth profiles. ‘Figure 4 illustrates the
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difference between using the error functions of Eq. (4) and two Gaussian functions

as given by Eq. (5) to model the H depth profile for the Z-cut PE-LiNbOj3 crystals

annealed for 6 and 45 min. It can be seen that while the overall differences are

small, they are more significant at shorter annealing times.

As with the Gaussian function, use of a single equation of the form of Eq. (4)
did not produce good fits to the experimental H data. Vohra et al.!! previously
tried using such an expression to fit H diffusion i)roﬁles. Their analysis also re-
sulted in a calculated profile which decreased less rapidly in the low concentration

tail region than the SIMS measured H profile. However, very good fits have been

obtained to the data shown in Figs. 1 and 2 when two such expressions, with

different diffusivities, were used.
Since the function which is given in Eq. (4) will occur often in this analysis, it

is convenient to represent it as F (:1: 6, Dt):

F(z,8, Dt)_ eft (‘5\;_””) +e f(5\/_””2 , )

The H concentration profile Cg(z,) is then given by:

Cu(,t) = CEEF(z,8, Dit) + CEEF (2,8, Dit), (8)

where CEE and CHY .a‘bre the surface concentrations of the H diffusant in the
substitutional and interstitial components, respectively. The sum of C’ H,s and
CHY is the total H concentratlon C% introduced into the crystal due to PE. The

two d]fEIISIVItleS are D, and D;.

This approach implies that the total amount of H in the annealed PE-LiNbO; |

crystal remains constant. However, the experimental SIMS data indicated that
the total amount of H actually increased with annealing time. This experimen-
tal result was found with both Z-cut and X-cut PE-LiNbO3 samples. Since all

samples were annealed in flowing wet oxygen, it appears that the flowing gas
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collected water molecules and introduced H into the samples during annealing.®
Consequently,*another term was added to the H concentratxon profile Cy(z,t) to
account for this extra source of H. The flowing wet oxygen acts as a constant

source of H at:the surface:
Cu(0,t) = C¥ fort>0, 9)

and the solution of the diffusion equation from a constant source is the familiar:1®

ywy wy : z '
;(- C.H’,-(m, t) = CH ersz\/ﬁiz, ) (10)
where erfc is the ‘complementary error function (1-erf), - (10), Cy° is the‘

V)
consta.nt H surface concentration due to the water vapor t Ts assumed that the -
H due to wet oxygen annealing enters the PE-LiNbO3 s_amples primarily as an
Interstitial species. Therefore, the complete expression for the H concentration

proﬁlé is:

PE PE z '
Cu(z.t) = Cy5 F(z,6,D t)+CH F(z 8, Dt)+ erfcz\/m. (11)

This equation is the analytical expression that was used to model the H dlffuswn
H

profiles in the annealed PE-LiNbOj3 samples. Two different diffusion mechanisms

are represented: a finite layer dlffusxon source of the PE region and a constant

surfa.ce dlﬁ'usmn source from the water vapor. This expr&ssxon also involves two =

spemes of H mterst1t1a1 H a.nd substltutlona,l H, each having a different dlffusnnty

The interstitial H enters the samples from wet oxygen annealing as well as during
PE. The substitutional H entérs the crysta;.l only through the PE.

The amount of H diﬁusa.nt Qx(t) per cm? in the crystal after annealing for

~ time ¢ can be obtained by 1ntegratmg Eq. (11) from z = 0 to z = co. There

are three contributions to Qx(t), one from the substitutional H and the two from

thevmterstltlal H. Closed form expressions can be obtained for the integrals of the -
11
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collected water molecules and introduced H into the samples during annealing.®
Consequently, another term was added to the H concentration profile C(z, ) to
account for this extra source of H. The flowing wet oxygen acts as a constant

source of H at the surface:
Cu(0,t) = C} fort > 0, , (9)
~and the solution of the diffusion equation from a constant source is the féfrﬁ]jarzls
C(z,t) = Ct¥erfc—r (10)

A = /Dt

where erfc is the complementary error function (1-erf). In Eq. (10), C¥® is the
constant H surface concentration due to the water vapor. It is assumed that the
H due to wet oxygen annealing enters the PE-LiNbO3 samples pnmanly as an

interstitial species. Therefore, the complete expression for the H concentration

proﬁle is:

Cr(z,t) = C§iF(x,6,Dst) + CEEF (2,8, Dit) + ;f,“erfc (11)

2 D,t'

This equation is the analytical expression that was used to model the H diffusion
profiles in the annealed PE-LiNbO3 sa.mples.. Two different diffusion mechanisms
are represented: a finite layer diffusion source of the PE region and a constant

surface diffusion source from the water vapor. This expression also involves two

. species of H, interstitial H and substitutional H, each h.a.viixg Aa,vd'iife.'rgn,t diffusivity, . . . ... ...

The interstitial H enters the samples from wet oxygen annealing as well as during
PE. The substitutional H enters the crystal only through the PE. |
The amount of H diffusant Qx(t) per cm? in the crystal after annealing for
time ¢ can be obtained by integrating Eq. (11) from z = 0 to z = co. There
are three contributions to Q(t), one from the substitutionél H and the two from

the interstitial H. Closed form expressions can be obtained for the integrals of the

11



error functions:

| /0 ” F(z,8, Dt)de = §, | (12)

and
0 T D;t ' ‘
fi dz = 24/ — .
/0 er c2\/m T - , (13)

Equations (12) and (13) permit writing the time dependence of the total amount

of H diffusant as: .
Qu(t) = Q% + QFE + O\ /4Dit/x. (14)
According to this model, the total H diffusant increases with annealing time as the
\/t due to the water vapor source. The H contribution from the proton-exchange
remains constant.
B. Lithium diffusion ‘ |

In order to analyze the Li profiles, the Li concentration in the as-exchanged
sample was assumed to be a step function as represented in Fig. 3 (b), and that -
during annealing there is no outdiffusion of Li from the PE-LiNbOg.Crysta,ls.

Mathematically, the initial conditions are:
Cri(z,0) = C}; for0 <z <6, (15)

and :
Cri(z,0) = Cu* for z > 4, (16)
where C, is the Li surface concentration after PE, but before annealing, and C2u/*

.. 1is.the Li concentration in bulk material. Thé_boundar.y,. condition at the surface

is:
0Cri(z,t)
oz 20

where Cri(z,t) is the Li concentration profile after annealing for time t. These

=0, | (17)

conditions represent diffusion from a semi-infinite extended source in the substrate

for z > ¢ into a surface region from 0 < z < § with a reflecting boundary at

12



z = 0. During annealing, there is a concentration gradient which results in the Li
diffusion. The solution to the diffusion equation for these conditions is the sum
of two complementary error functions.!'” Simulation of the Li diffusion profiles
with the use of Mathematica™ to rapidly compare calculated Li profiles with
the SIMS measured Li profiles showed that the Li surface concentration could be
taken as zero rather than as the measured value of C?; = 0.5 x 10?2 cm=3. This

simplification permits representing the Li diffusion profile as,

Ch* (6 +2) (6 =)
CL,($,t) = T erfc m + eI'fCQ\/m ,

where Dy; is the Li diffusivity. With Eq. (18), good fits to the SIMS measured Li

(18)

profiles for the annealed PE-LiNbO; samples were obtained. A single value for the
Li diffusivity Dz; was sufficient for fitting the experimental curves and annealing
in water vapor did not lead to an additional term. v
C. Refractive index depth profiles

Several studies have shown that the extraordinary refractive index depth profile
in as-exchanged PE-LiNbOj is approximately a step function.’1318 With anneal-
ing, the index depth profile becomes highly graded. While these studies are based
on indirect experimental techniques, it appears as if the refractive index were a
physical quantity undergoing a diffusion process with annealing. Actually, the
change in thg index profile is a consequence of the H and Li diffusion. Neverthe-

less, it is possible to model the diffusion of the refractive index when annealed

With the following initial conditions: = = ~ ==

ne(z,0) = nf®? for0<x<5,‘ o (19)

and
ne(z,0) = nbulk for z > 6. | (20)

e
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The boundary condition at the surface is:

One(z,t)

- =0, (21)

z=0

Here, n*/ is the extraordinary refractive index of the unchanged bulk crystal and

€

nEE is the index of the PE layer. The resulting solution to the diffusion equation

for these conditions is:1%19

AnPE (6 + z) (6 — =) |
. t) = bulk € 929
ne(z,t) = n*"* + 5 [erf 2\/7.—|—erf2\/_n{ , (22)

where AnfE = (nP — pbulF) is the initial index change for the as-exchanged
crystal, and D, is the index diffusivity. | |

As with thé Li concentrations, it is possible to model the depth profile of the
extraordinary refractive index in annealed PE-LiNbO3 by the above expressioﬁ
with a singlé diffusivity D,. No additional source terms were required due to
annealing in water vapor. The total index diffusant @), can be found by integrating

" [ne(z,t) — nt“*] from z = 0 to z = co. Integration of Eq. (22) gives:

Qn = (ng® — ng"*)6. (23)

e

This quantity depends only on the PE conditions and should remain constant

with annealing.
IV. ANALYSIS OF DATA FOR Z-CUT PE-LiNbOj
~A. Hydrogen depth profiles

-+ The H-depth profiles shown in Figs. 1 and 2 were analyzed using the composite - - -

expression for the H concentration Cy(z,t) given in Eq. (11) . Since the following
discussion refers to Z-cut material, we have added superscripts to the various
quantities:

T

CZ(z,t) = CZ;FEF (2,67, D?t)+CE7PEF(z, 67, D7t)+CE " erfc . (24
u(2,t) = Cirg " F( )H,(?l)H 2\/5?;()

14



As mentioned previously, this expression for the H concentration involves two

different diffusivities and two different source terms. Two djfferentv diffusivities

were required since good fits to the H depth profiles could not be obtained with a

single diffusion coeflicient. An example of this situation is Shown in Fig. 5 where
the H concentration represented by the single Gaussian of Eq. (5) is nearly an
order of magnitude lower than the measured profile at a depth of 1062. The need
for two different H source terms arises from the expei‘imental SIMS data in which
the total H in the crystal increases with annealing time in flowing wet oxygen.
Consequently, a constant surface source term due to the water vapor had to be
used in addition to the extended H source from the PE region. In unannealed
Z-cut PE-LiNbOj3 samples, the PE term source consisted of a plateau Of,‘ thickness
62 = 0.65 pm with a constant H concentration CZ™ of 6 x 10! cm=3, These
two quantities yield a total amount of H diffusant Q4 7% = 0_'5’06Z = 3.9 x 10Y7
cm~2, ,
The three parts of Eq. (24) [PbE substitutional, PE interstitial, and wv inter-
stitial] are independent and combine to create the total fit to the SIMS profiles.

Figure 6 illustrates this procedurev for an annealing time of 135 min. This proce-

- dure was implemented by use of curve fitting routines found in Mathematica.T™

Since the interstitial H will diffuse faster than the substitutional H, the interstitial
mechanism will be the main contributor deep into the crystal. Near the surface,

the substitutional mechanism will be more prevalent. In Fig. 6, the dotted line

,.ﬂrepres‘ents the PE interstitial part, the lower.dashed line représents the PE sub-

stitutional part, and the dot-dash line represents the contribution due to the wet
oxygen. It can be seen that at greater depths, the substitutional part from the PE_ -
becomes negligible and the interstitial mechanism (PE plus IWV) is almost the oniy
contributor to the H SIMS profile. The solid line in Fig. 6 represents the SIMS
profile and the upper dashed line is the sum of the three terms in Eq. (24). Similar
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numerical fits were obtained for the H SIMS profiles for the other annealing times

and are shown in Fig. 7.

The five coefficients available (CEZTE, CEZTE, CE*¥, D7, and D?) to fit
the data for an individual time are not unique. Trade-offs can be made between
coefficients and still give an excellent fit. Uniqueness for the coefficients is de-
termined when all times are considered using a trial and error process with the
following constraints: (1) All of the coefficients should be relatively constant over
the different annealing times. The two concentrations, CZ ~PE and C’Z ~PE rep-
resent the initial surface concentrations of the PE layer and C&;** represents the
constant surface concentration due to wet oxygen. (2) The sum of C7,F% and
C’Z <PZ must equal the initial total PE H surface concentration. The Values for
these quantities in Z-cut LiNbO3 are summarized in Table III. The values for the
diffusivity of Li are included and will be discussed in Part B of this Section.

The best-fit values that were obtained for the diffusivities (DZ ~ 5.0 x 10-12
cm?/s and D7 ~ 1.4 x 107! cm?/ s) are nearly constant over the full ré,nge of
annealing times from 6 to 180 min. Since D? ~ 3DZ, the larger diffusivity was
designated the interstitial H diffusivity D? and the smaller diffusivity was desig-
nated the substituﬁonal H diffusivity DZ. This designation is reasonable because
in most materials, the interstitial diffusion coefficient is considerably larger than»
* the substitutional diffusion coefficient.?’ The uncertainties in the various parame-

ters given in Table II for H are: £2.0x 102 cm=3 for CE.FE, £2.0x10% cm=3 for

CF7TF, £0.5%10% cm=2 for CZ7**, £0.1x 10~ cm2/s for D7, and £0.3x 10-12 .

cm?/s for D?.

The amount of H diffusant Q%(t) present in the Z-cut annealed PE samples |

~ after dnﬁeaﬁng for time ¢ is obtained by integrating Eq. (24) from z = 0toz = oo.

There are three contributions to Qg(t), one from the substitutional H and two
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from the interstitial H:

QF(t) = QFTE + QETE + Cf v\ /4DFt 7 . (25)

Each of these quantities in Eq. (25) is plotted versus /¢ in Fig. 8 and is labeled
separately. The total H diffusant increases with the annealing time according to
the SIMS experimental data. The H diffusant due to PE is nearly constant with
annealing time, with about 75% in the substitutional component and 25% in the
interstitial component. The contribution to Q%(t) from the water vapor increases
with annealing time as v/% and adds to the interstitial component. As seen in the
figure, the amount of H due to the annealing in a flowing wet oxygen ambient can
become quite large and even equal to the amount from proton exchange. However,
according to the model presented here, the substitutional H is the most important
H compbnent because it forms crystal bonds and alters the extraordinary refractive
‘ index. ,
B. Lithium profiles

The Li deﬁth profiles that were shown in Fig. 1 for the annealed Z-cut PE-
LiNbOg3 samples were analyzed according to the model presented in Sec. III-B..
The Li concentration C%(z,t) represented in Eq. (18) was used to fit the SIMS
measured Li profiles for the Z-cut PE-LiNbO3 samples annealed for 6, 15, 45, and
90 min. The results are shown in Fig. 9. The solid lines are the SIMS measured
- Li profiles at fhe désigna,ted annealing times and the dashed lines indicate the ex-
“pression in Eq. (1 8). With a bulk Li concentration of 1.9 x 10?2 ¢cm~32, the values
for the Li diffusivity D%, obtained by this procedure were giveh in Taiﬂe ITI. The
average Li diffusivity for the different annealing times is DZ; = 48+£0.2 x 1071
cm?/s which is nearly equal to DZ. This equality of diffusivities suggests that the

substitutional H diffuses on Li sites during annealing.
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C. Refractive index

As described in Sec. II-B, an inverse WKB method'* was used to determine
the 1/e depths d_; of the modes for the samples that supported at least three
propagating modes. The solid circles in Fig. 10 cbrrespond to the N, and d_;
“data given in Table I. The extraordinary refractive index profile giveﬁ in Eq. (22)

- may be re-written with Eq. (7) as:
nZ(z,t) = nt** 4 AnZ-FEF (3,67, D7), (26)

where nb*/ is the extraordinary refractive index (n?** = 2.204 at A = 0.6328 pm)
of the unexchanged crystal and DZ is an effective diffusivity of the indéx. The
solid lines in Fig. 10 are the best-fit curves to the experimental data by Eq. (26)
and the values used for AnZ-PE and DZ are givén in Table IV with DZ for
- comparison.

Because DZ ~ DZ and because the same analytical expression fits both the
substitutional H profiles and the extraordinary refracﬁive index profiles, a linear
 relationship should exist between C%,(z,t) and [nZ(z,t) — nt**]. The scaling

factor o relating these two quantities is defined by:
n?(z,t) — nt = o?CE (z,1). (21

With DZ ~ DZ, this relationship becomes:

An/PE=ofCEFE. (29
The values of a? determined in this manner are given in Table V. A comparison
between the refractive index profiles (solid lines) and the substitutional H profiles
(dashed lines) is shown in Fig. 10. Only for ¢ = 15 min can a difference in the
two curves be observed. Otherwise, the correlation between the refractive index

and substitutional H profiles is excellent for times from 45 to 180 min. Based on
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this analysis, the average value of o® is 1.85 x 10~23 (H atoms/cm3)~! when the
value at ¢ = 15 min is ignored.

This analysis demonstrates that it is possible to model the depth profile of the
extraordinary refractive index in annealed PE-LiNbQOs3 by use of a single diffusivity.
The index profiles are in excellent linear agreement with the substitutional H
profiles in Sec. IV-A.

V. ANALYSIS OF DATA FOR X-CUT PE LiNbO3
A. Hydrogen depth profiles
Thé H depth profiles for the X-cut samples, shown in Fig. 2, were analyzed in

- the same manner with the following expression for the H concentration:

- Cf(z,t) = CE;PPF(z,6%, DXt) + CE7PEF(z, 6%, DXt) + C’X"“’“erfc
’ | ’ z\/BYt
| (29)
In unannealed X -cuf samples, the PE extended source consisted of a plateau of
thickness 6% = 0.75 pm with a constant H concentration of C%™° = 3.5 x 10
cm™3. These quantities give the total amount of H in the PE layer as Q& FF =
CA 6% = 2.6 x 10" cm ,
The basic ﬁttmg procedure, which was 1Hustrated in Fig. 6 for the H profile
in the Z-cut sample annealed for 135 min, was used to fit the X-cut profiles. -
Numerical fits vé)ith' the parameters given in Table VI were made to the SIMS
measured H proﬁles for the annealing times of 45, 90 and 240 min, and the results
- are shown in Flg 11. The SIMS measured H profiles are the solid lines and the
best-fit curves are the dotted lmes The two concentrations, C'X ~PE and ijfﬂ- PE
represent the initial substitutional and interstitial H surface concentrations in the
PE layer. Values for the diffusivities DX and DX, and the water vapor surface
concentration C& " are the other parameters given in Table VL.

The best-fit .Va,luevs that were obtained from the H diffusivities for the X-cut
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PE-LiNbOj crystals are: DX ~ 3.4 x 10712 cm?/s and D¥ ~ 1.3 x 107! ¢m?/s.
The diffusivities agree well over the full range of annealing times from 45 to 240
min. While the substitutional H diffusivity is smaller than in Z-cut crystals, the
interstitial H diffusivity is nearly equal.

The amount of H diffusant Q#(¢) in the X-cut annealed PE samples after

annealing for time £ is given by:

Qu(t) = QF:TF + QE:TE + CE—\/4D{t/x . (30)

Each of the quantities in Eq. (30) is plotted versus /¢ in Fig. 12 and labeled
separately. The total H diffusant increases with the annealing time according to
the SIMS experimental data. As with Z-cut material, the H diffusant due to
proton-exchange is nearly constant with annealing time, with about 75% in the
substitutional component and 25% in the interstitial component. Likewise, the
contribution from the water vapor increases with annealing time as the /¢ and
. forms part of the interstitial component. The amount of H due to the annealing
in flowing wet oxygen is equal to the amount from proton-exchange at about 90
min, |
An attempt was made to analyze the Li depth profiles for the X-cut samples.
However, due to the shallow Li depletion profiles in these.samples and the long
aﬁnealing times, consistent results could not be obtained for the Li diffusivity Dﬁ
B. Refractive index | ‘} |
= Values-of the"propagatiqn coefficients, IV, v'a.nd d_y, for the X -cut samples listed -
'~ in Table II, were fitted with Eq. (22) which may be written as:

ng (z,t) = ng** + Anf~FFF(2,6%, D), (31)

where fo is the effective index diﬁ'ﬁsivity for X-cut samples. Very good fits to

the data points were achieved for the annealed samples as shown in Fig. 13. The
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solid circles correspond to the N, and d_; data points and the solid curves are the
best-fits from Eq. (31). The values used for AnX~FZ and DX are given in Table
VII with DX for comparison. As with the Z-cut samples, the average value of DX
(4.6 x 10712 cm?/s) from this analysis is nearly identical to the substitutional H
diffusivity DX which was given in Table VI.

Since DX ~ DX, the refractive index change can be linearly related to the

substitutional H distribution as:
nf(x, t) — nZ“”‘ = aXCI)és(x,t), (32)

where a* is the scaling factor for the X-cut samples. The values of X determined
in this manner are given in Table VIII and a comparison of these profiles is shown
in Fig. 13. The substifutional H profiles are indicated by the dashed curves and the
refractive index profiles are the solid curves. Very good correlation between the
refractive index ché,nges and substitutional H profiles exists for annealing times
from 45 to 240 min. The average value of o* based on this analysisis 3.9 x 1023
(H atoms/cm?)~1. | |

- The analysis for X-cut samples provides further evidence that the extraordi-
nary refractive index profile in annealed PE-LiNbO3 can be modelled by using a
single diffusivity and that these profiles are in excellent linear agreement with the
substitutional H proﬁles. v |
VI DISCUSSION AND SUMMARY

- Our results demonstrate that a significant amount of information can be ob-
tained about the properties of anneaied PE-LiNbOj3 through a careful diffusion
analysis of the SIMS measured H and Li depth proﬁles. Use of the standard dif-
fusion equation with the appropriate boundary aﬁd initial conditions leads to the
identification of Substitutional fand»interstitial H,v and values for the diffusivities

for substitutional H, interstitial H, and Li. Analysis of the total H concentration
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provides evidence that wet flowing oxygen is an additional source of interstitial H,
as has been shown in other ferroelectric crystals.?! This procedure has also made

it possible to establish a linear correlation between the refractive index change and

~ the substitutional H concentration in the crystal. Previous attempts to correlate

H distributions with the refractive index profiles have resulted in non-linear?? or
piece-wise linear? relationships. However, since not all of the H‘ measured in the
PE-LiNbOj crystal is optically active, contradictory results have been reported.
Furthermore, annealing the crystals in flowing wet oxygen contributes to the H
content in the crystal. The additional source of H complicates efforts for finding
a valid correlation. Our model is based on a conceptually simple approach which
provides a consistent framework thé.t establishes a linear relationship between the
refractive index profiles and the substitutional H depth distributions. In addition,
the area beneath the refractive index profiles, as represented in Eq. (23), remains
nearly const#nt with annealing. This result agrees with data on similar annealed
PE-LiNbO; planar waveguide layers,?* and with the values of the substitutional
H diffusant as plotted in Figs. 8 and 12. |

- The scaling factor a that relates the index change: to the substitutional H. »
concentration in the crystal depends upon the calibration standard used in 'the

SIMS analysis. In these expenments, a hydrogren (*H) 1on—1mp1anted LiNbO;

+0 cal/brate wiTh

sample was used as the calibration standard. Several attempts were made  ueing

. .PE-LiNbO; samples implanted with deuterium (*H). For unexplained reasons,

spurious profiles of 2H were obtained and the results could not be used. Moreover,

there was a change in the H surface concentration when the same PE-LiNbO3

sample was SIMS analyzed on different days. Ikus-ma*be—é&e—te—ehéngesﬁhe
amb*e&t—cm&rhcnsm’chrﬁ%-pme&t However, the depth profile curves were

of identical shape. When the as-exchanged PE-LiNb 03 samples, and several of the
annealed PE-LiNbOj samples were SIMS analyzed on the same day, the H surface
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concentrations for Z-cut and X-cut samples were found to be equal: CZ° =
C#~°. This result means that while the diffusivities determined in Sec. IV and V
are not sensitive to the day-to-day SIMS calibration, the absolute values for the H
surface concentrations do vary. Recent data obtained from H forward scattering
analysis of these samples indicate a larger H concentration in the crystals than
that shown in Figs. 1 and 2.2° Further experiments are needed to clarify this issue.

Assuming that CZ™0 ~ C£~0, the values of o for Z-cut and X-cut samples
given in Secs. IV and V need to be adjusted. Using the value for o (1.85 x 10~23
cm?®) as the basis, aX becomes approximately 2.4 x 10~2% cm?3. The difference in
| the scaling factor for Z-cut and X-cut crystals is due to the larger index change
that was found in the X-cut PE-LiNbOs samples. It shoﬁld be noted that while
-theie is some uncertainty in the overall H concentrations and in the values of o,
the basic conclusions of this work are unaffected. There are two species of H,
substitutional H and interstitial H, and a linear correlafion exists between the

refractive index change and the substitutional H in annealed PE-LiNbOsj.
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TABLE 1. Effective index values N, for the observed modes in Z-cut PE-LiNbO3

substrates after annealing at 400°C for time ¢ (min). The 1/e depths d_; were

at least three modes.

determined by an inverse WKB method and are given for samples that supported

Mode

t =15 min

Cd_y

t = 45 min

d_y

t = 90 min

Ne

d_

1=135min ¢ =180 min

N

d_y

N d

TMp,
TM;
TM,
TM3
TM,

2.237
2.214
2.204

1.0
1.7

3.1

2.222
2212
2.206
2.203

1.4
2.6
4.0
7.0

2.216
2.209
2.206
2.204

1.9
3.3
5.2
7.7

2.213
2.209
2.206
2.205

23
4.1
5.8

8.8

2213 238
2209 44
2207 6.2
2205 8.9
2204 127
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TABLE II. Effective index values NN, for the observed modes in X-cut PE-LiN bO3
~ substrates after annealing at 400°C for time ¢ (min). The 1/e depths d_; were
determined by an inverse WKB method and are given for samples that supporfed

at least three modes.

t=45min ¢=120 min ¢ = 240 min
Mode Ne d_l Ne d...l Ne d...;_
TM, 2.255 091 2.233 150 2223 2.17
T™™; 2232 1.64 2224 2.68 2218 3.87
™, 2218 2.58 2.216 3.68 2.215 5.23
TM; 2.210 4.07 2.212 5.26 2.212 6.96 -
TM, 2.208 8.29 2210 7.87 2210 9.72
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TABLE III. Coefficients for the fit of Eq. (24) fo the SIMS measured profiles for H
and for the fit of Eq. (18) to the SIMS measured profiles for Li. These parameters
are for Z-cut PE-LiNbO3.

Time -Cy, " Cai® Ca7™ D? D? D%,
(mins) - (cm™3) (cm™3) (cm3) (cm?/s) (cm?/s) (cm?/s)

6 48x10% 0.8x10* 0.9x102 50x107*% 1.3x107H1 4.8x 10°12

15 45x102 1.1 x10" 1.0x10* 5.0x1071? 1.5x1071! 5.0x 1072

45 4.2x107 1.4x10 09x10 50x10712 1.5x 1071 4.8 x 1012

90 4.2x10' 1.4x10" 08x10% 50x10712 1.4 x10"1' 4.8x10-12
135 42x102' 1.4x10% 09 x 10 49x10712 1.4x10™1
180 4.2x10' 1.4 x10% 08x 102 5.0x 10712 1.4x10°1!
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Table IV. Values of the change of the extraordinary refractive index AnZ=PE to-
gether with the diffusivity of the index DZ and the diffusivity of the substitutional
H D? for Z-cut LiNbO3. '

Time AnZ-tF DZ D?
(min) (cmifs)  (emifs)
15 0100 4.0x107% 5.0x 10712
45 0.084 5.0x107'? 5.0 x 1012
90 0.072 5.0x10°'? 5.0x 1072
135 0.072 5.0x 10712 4.9 x 10712
180 0.08¢ 5.0x107*% 5.0 x 10712
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TABLE V. Summary of the extraordinary refractive index change AnZ-FF and

the substitutional H concentration C5 ;7% which gives the scaling factor oZ for

the Z-cut LiNbOs.

Time AnZ-FF 05;” & a?
(min) (cm™3) (cm?®)

15  0.100 4.5x10%' 2.22x10~%

45 0.084 42x10 2.00x 10-23

90 0.072 4.2x10% 1.71x10~%

135 0.072 4.2x102' 1.71 x 10723

180 0.084 3.0x10%! 2.00x10°%
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TABLE VL Coefficients for the fit of Eq. (29) to the SIMS measured profiles for
H. These parameters are for X-cut LiNbOas.

Time Cp'® G’ Chi» DY DF
(min) (em™)  (m™)  (m=)  (cmdfs) (cm?fs)

45 3.0x10" 0.6x100 0.9x 10" 34x1071% 1.1x1071
120 2.8x 102 0.8x10' 0.9x 102 3.4x10712 1.2x 10~
240 2.8x 10 0.8x10" 08x10% 35x1071% 1.5x10~11
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Table VII. Values of the change of the extraordinary refractive‘index Anf“P B

together with the diffusivity of the index DX and the diffusivity of the substitu-
tional H DX for X-cut LiNbOs.

Time AnZ-"% D¥ DX
(min) (cmifs)  (cml/s)
45 0122 33x107'2 3.4x10712
120 0.110 3.3x107'? 3.4x10°'2
2400 0100 3.5x10712 3.5x10712
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TABLE VIIL Summary of the extraordinary refractive index change AnX~FF and

X-PE

the substitutional H concentration Cz;~* which gives the scaling factor o*

Time AnX-FF  Cj7F% o
(min) (o) ()

45 0122 3.0x10* 4.07x10°%
120 0110 2.8x 10 3.99x10-%
240  0.100 2.8 x10%* 3.57 x 1072
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Figure Captions
Fig. 1. The hydrogen and lithium concentration depth profiles in Z-cut PE-
LiNbO3 samples, as-exchanged, and after annealing at 400°C for the indicated
times. These concentrations were determined by SIMS measurements.
Fig. 2. The hydrogen depth profiles in X-cut PE-LiNbO; samples, as-exchanged
and after annealing at 400°C for the indicated times. These concentrations were
determined by SIMS analysis.
Fig. 3. The idealized depth profiles for the hydrogen and lithium concentrations
after proton exchange. (a) Hydrogen depth profile with the surface concentration
CY; from the surface to the exchange depth §. (b) Lithium depth profile with the
surface concéntra,tion. C?; to the exchange depth § and then the constant bulk
value Chulk .‘ ‘ |
Fig. 4. Comparison of the fit of the sum of two Gaussians as given by Eq. (5)
(dashed curves) with the prbﬁles given by the sum of two error functions as given
by Eq. (4). The exchange depth é was taken as 0.65 um with one ciiffusivity taken
as 5.0 x 10712 cm?/s and the other taken as 1.4 x 101 cm?/s. The diffusion times
were taken as t = 6.vmin and t = 45 min. A
Fig. 5. Attempted fit of a single Gaussian (dashed curve), to the measured dif-

fusion profile (solid curve), for a Z-cut PE-LiNbO3 sample annealed at 400°C for

45 min.

Fig. 6. Best fit of the composité function, as répresented by Eq. (24), to the mea-

.. sured H diffusion profile for the Z-cut PE-LiNbOs5 samples annealed at 400°C for...

135 min. The various quantities plotted in this figure are identified in the inset

to the figure. _ » ‘ _

Fig. 7. Best fit of the composite function, as represented by Eq. (24), to the mea-
sured H diffusion profiles fbr Z-cut PE-LiNbO3 sgmples annealed at 400°C for the
indicated times. T-he SIMS measured H profiles are given by the solid lines and
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the composite functions are indicated by the dotted lines.

Fig. 8. The amount of H diffusant Q% in Z-cut samples as a function of the square
root of the annealing times. The upper dashed curve is the least-squares fit to the
total H concentration measured by SIMS for the different annealing times. The
lower dashed curve is the fit to the integrated substitutional H concentrations
from PE, and the dotted line is the fit to the integrated interstitial H concen-
trations from PE. The dot-dashed line is the fit to the integrated interstitial H
concentrations from the water vapor.

Fig. 9. Fit of the complementary error functions, as represented by Eq. (18), to the
SIMS measured Li diffusion profiles for the Z-cut PE-LiNbO3 samples annealed
at 400° C. for the indicated times. The solid curves represent the SIMS measured
Li concentrations and the dashed curves are the best-fit by Eq. (18).

Fig. 10. Comparison of the extraordinary refractive index profiles to the substi-
tutignal H concentration‘sAfor Z-cut PE LiNbO; samples annealed at 400°C for
times of (a) 15, (b) 45, (c) 90, (d) 135, and (e) 180 min. The solid curves are
the Anezv depth profiles and the dashed curves are the substitutional H profiles.
The solid circles represent the extraordinary refractive indices calculated from the
prism-coupling measurements. ,

Fig. 11. Best fit of the composite function, as represented by Eq. (29), to the
measured H diffusion proﬁles for X -cﬁt PE—LiNbO;; samples anﬁealed at 400°C
for times of 45, 120, and 240 min. The SIMS measured H profiles are given by

the sbli_d lines and the composite functioné are indicated by the dotted lines.

Fig. 12. The amount of H diffusant Q¥ in X-cut samples as a function of the

square root of the annealing times. The upper dashed curve is the least-squares fit

~to the total H concentration measured by SIMS for the different annealing times.

The lower dashed curve is the fit to the integrated substitutional H concentration

from PE, and the dotted line is the fit to the integrated interstitial H concen-
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trations from PE. The dot-dashed line is the fit to the integrated interstitial H
concentrations from the water vapor.

Fig‘. 13. Comparison of the extraordinary refractive index depth profiles to the
substitutional H concentrations for X-cut PE LiNbO3 samples annealed at 400°C
for times of (a) 45, (b) 120, and (c) 240 min. The solid curves are the AnX depth
profiles and the dashed curves are the substitutional H profiles. The solid circles
represent the extraordinary refractive indices calculated from the prism-coupling

measurements.
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